I
nfant leukemia, diagnosed in the first 12 months of life, is extremely rare in the United States; the overall annual incidence is estimated to be approximately 37 cases per million infants (1) . Certain demographic information with respect to incidence may provide important clues regarding etiology. White infants experience about a 50% higher risk than black infants, and females about a 50% higher risk than males (1) . The observation of a higher risk in infant females is particularly notable given the overall higher risk of leukemia (Ϸ30%) in male children under the age of 15 as compared with female children (2) .
With the exception of in utero exposure to radiation and prior chemotherapy treatments, little is known about the causes of childhood leukemia (reviewed in ref. 2 ). This paucity of information is likely attributable largely to the heterogeneity of the disease and to insufficient study power to test hypotheses within more homogenous subgroups. In particular, age at diagnosis and͞or biologically distinct subgroups are likely ref lective of different etiologic mechanisms.
Several epidemiologic studies have observed specific risk factors that are fairly consistently associated with younger children who develop leukemia (reviewed in refs. 2 and 3). These include (i) a birth weight in excess of 4,000 g [a 2-fold increased risk associated with both acute myeloid leukemia (AML) and acute lymphocytic leukemia (ALL) in children under the age of 2]; (ii) maternal alcohol consumption during pregnancy (a 1.5-fold increased risk associated with infant AML); and (iii) maternal history of miscarriage or stillbirth (2-to 5-fold excess risks of infant AML and ALL).
Biologically, infant leukemias represent a distinct group for the epidemiologic study of hematopoietic neoplasms. The majority of infant cases (including about 80% of infants with ALL and 65% of infants with AML) have rearrangements involving the MLL gene on chromosome band 11q23 in their leukemia cells (4) (5) (6) . This finding is in contrast to children diagnosed after 1 year of age, where the frequency of MLL rearrangements is about 5% (7). For infants, there is strong molecular evidence that these MLL abnormalities occur in utero (8, 9) . Intriguingly, identical MLL gene rearrangements have been observed in treatment-related leukemia (most often, AML) that can develop in children and adults after therapy for a primary cancer (10, 11) . This form of treatment-related leukemia is associated with drugs that inhibit DNA topoisomerase II, including the epipodophyllotoxins, etoposide and teniposide. The involvement of epipodophyllotoxins in DNA topoisomerase II inhibition is postulated to be directly related to the MLL abnormalities observed in the secondary AMLs.
Based on the findings from treatmentrelated leukemias, and the biological evidence that infant leukemia likely occurs in utero, we hypothesized that maternal exposure to DNA topoisomerase II inhibitors during pregnancy could be associated with an increased risk of infant leukemia (12) . Natural and synthetic DNA topoisomerase II inhibitors include (i) the flavonoids, e.g., quercetin (found in certain fruits and vegetables) and genistein (soy); (ii) catechins (found in tea, wine, and chocolate); (iii) caffeine; (iv) the quinolones (found in certain medications used to treat urinary and respiratory tract infections); (v) thiram (an agricultural fungicide); (vi) specific derivatives of benzene; and (vii) Chinese herbal medicines (12-13). Our preliminary epidemiologic study suggested that increased maternal consumption during pregnancy of foods that contain dietary topoisomerase II inhibitors is positively associated with infant AML only, similar to the observations in the treatment-related leukemias (14) . However, these findings were cautiously interpreted, in part, because of the lack of available biological data in our study regarding MLL involvement in the infants with leukemia and also because of a lack of evidence in the literature that supported the following necessary assumptions: (i) dietary constituents that inhibit DNA topoisomerase II can have a direct effect on the MLL gene, and (ii) these compounds can cross the placenta and reach the fetus.
Strick et al. (15) wished to determine whether bioflavonoids that mothers might consume from foods or supplements during pregnancy directly target the MLL gene. [In support of their study, they cite recent evidence from an animal study suggesting that flavonoids do cross the placenta (16) .] In a series of elegantly conducted experiments, Strick and colleagues (15) demonstrate that several of the bioflavonoids available in the diet can induce cleavage of the MLL gene in human myeloid and lymphoid progenitor cells and in cell lines. Importantly, they found that the site of cleavage colocalizes with cleavage sites induced by chemotherapeutic agents known to inhibit DNA topoisomerase II. These findings provide evidence that dietary flavonoids may be directly involved in causing genetic damage, as is the case with dietary exposure to aflatoxins and specific p53 mutations observed in liver cancer (17 spect to maternal ingestion of dietary topoisomerase II inhibitors suggest a relationship with infant AML but not ALL (14) . However, nearly 80% of infants with ALL have MLL involvement as compared with about 65% of infants with AML. Therefore, although MLL is a critical gene involved in leukemogenesis, the mechanisms leading to the disruption of the gene in lymphoid and in myeloid cells may be different. This hypothesis needs to be evaluated in additional biological and population-based studies.
(ii) Could the mechanism of flavonoidinduced MLL breaks be important in adult leukemias as Strick et al. suggest? Although this is possible, the occurrence of MLL abnormalities in adult de novo leukemia is quite low, with estimates suggesting only about 5% of cases affected (18) . Also, no epidemiologic data support an important role of diet in adult AML, although this has not been studied to any great extent. Hematopoietic stem cells seem to display ontogenetic age-dependent differences in growth properties. For example, there is a notably decreased clonogenic potential and proliferative responsiveness in mixed lymphocyte reaction assays observed in adult hematopoietic stem cells as compared with stem cells isolated from fetal bone marrow (19) . Because proliferating cells express higher levels of DNA topoisomerase II as compared with quiescent cells (20) , a fetus, who has periods of rapid cell turnover, may be more susceptible than an adult to the effect of dietary DNA topoisomerase II inhibitors. Perhaps one way to approach this question is to determine whether the flavonoids (and other DNA topoisomerase II inhibitors) can cause cleavage of other genes (such as AML-1 on chromosome 21) that are associated with de novo leukemia in older children and adults and also with DNA topoisomerase II inhibitor chemotherapies (21) .
(iii) Given the ubiquity of the dietary exposure, why is leukemia in infancy so rare? To answer this question, we must consider several factors, including the timing of exposures and the inherent genetic susceptibility of individuals. For some birth defects, critical times for development have been established. For instance, a critical time point for neural tube development is in the third week of life (22) , and, therefore, the importance of folate supplementation immediately before conception to prevent neural tube defects has been established (23) . For infant leukemia, it is unclear when the fetus might be most vulnerable. The formation of blood cells occurs in the yolk sac by the third week of fetal life and then gradually shifts to the liver, which becomes the predominant site of hematopoiesis by the sixth week of fetal life (22) (Fig. 1) . We have learned from the therapy-related leukemias that frequent (weekly) exposure to DNA topoisomerase II inhibitor drugs may increase risk (21) . In utero, there may be a critical interval when exposure to high levels of flavonoids and increased hematopoietic cell proliferation can lead to recombinations involving MLL; given the timing of development of hematopoiesis, this exposure may be more critical earlier in fetal life (Fig. 1) . This event must, however, be strongly influenced by other factors, including the capacity for DNA repair and individual variations in the capacity to metabolize particular flavonoids. Current molecular epidemiologic studies of infant leukemia in the United States and Europe are designed to address some of these questions.
(iv) Finally, do common f lavonoids cross the placental barrier in humans? Strick et al. cite a study conducted by Schroder-van der Elst et al. (16) , in which a radioactive synthetic flavonoid was injected into pregnant rats. All fetal tissues investigated demonstrated the presence of the flavonoid, suggesting that it crossed the placental barrier. However, further studies are needed to determine whether ingestion of common dietary flavonoids by humans results in a similar phenomenon.
Given the small time window of exposure, infants represent an ideal population for epidemiologic studies of diet and leukemia. Strick et al. ' s study provides another important piece of the puzzle that supports the hypothesis that maternal exposure to dietary DNA topoisomerase II inhibitors may be associated with an increased risk of infant leukemia. The above observations highlight the complexity of exposure-disease relationships and underscore the importance of collaborations among several scientific disciplines in forming tenable hypotheses. As Strick et al. note, in most epidemiologic studies of human cancers, increased consumption of foods that contain flavonoids is associated with a decreased risk of adult malignancies (including prostate, colon, and lung). Because cell cycling is a dynamic process, it should be remembered that what might be beneficial at one point in time could be harmful at another.
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